A B S T R A C T The alpha-2 macroglobulins from human serum and plasma were isolated by Bio-Gel P-300 and A5m gel filtration. The material showed a single peak on sedimentation velocity ultracentrifugation, a mol wt of 650,000 by sedimentation equilibrium ultracentrifugation, and a major precipitin arc in the alpha-2 macroglobulin region by immunoelectrophoresis against whole human serum. Two bands were observed in the alpha-2 macroglobulin region when acrylamide gel electrophoresis was performed with a pH 8.9 running gel. When a pH 7.8 gel was used, five electrophoretic species were observed. In both cases, the preaddition of stoichiometric amounts of trypsin or chymotrypsin added to alpha-2 macroglobulin resulted in disappearance of slower bands leaving only one band on acrylamide gel electrophoresis patterns.
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Preparative acrylamide gel electrophoresis separated alpha-2 macroglobulin obtained from Bio-Gel into five closely-spaced species. Separation was sufficiently adequate to show that those species of alpha-2 macroglobulin which bound trypsin and chymotrypsin were represented by slower moving species and that the fastest moving material had lost virtually all of the ability to bind these enzymes. Preparative acrylamide gel electrophoresis of a mixture of alpha-2 macroglobulin-trypsin complex and alpha-2 macroglobulin revealed that the fast moving component was alpha-2 macroglobulin-trypsin complex and that the slower moving material was unbound alpha-2 macroglobulin. The naturally occurring amidase activity of the alpha-2 macroglobulin using benzoylarginine-p-nitroanilide (BAPNA) as substrate was investigated and unlike its trypsin-binding activity, amidase activity was found to be of the same specific activity in all electrophoretic fractions.
INTRODUCTION
Although the function of the alpha-2 macroglobulin is unknown, it is likely to be associated with the binding of these proteins to a number of enzymes which have similar properties. It is known for example, that the serum alpha-2 macroglobulins bind trypsin (1), chymotrypsin (1), thrombin (2) , and plasmin (3) . Interestingly, all these enzymes are endopeptidases with similar molecular weights and active centers. Also, all hydrolyze synthetic substrates such as benzoyl-arginine-p-nitroanilide (BAPNA).' When exogenously added trypsin is bound to alpha-2 macroglobulin, the enzyme maintains 60-70% of its activity using BAPNA as a substrate and 20% of its proteolytic activity using casein as a substrate (1). Ganrot's studies have shown that trypsin and plasmin were competitive in that prior addition of plasmin reduced the amount of trypsin bound to alpha-2 macroglobulin (3). As alpha-2 macroglobulins bind exogenously added trypsin, chymotrypsin, thrombin, and ' Abbreviations used in this paper: BAPNA, benzoylarginine-p-nitroanilide.
plasmin, a search in our laboratory was made to determine whether or not a naturally occurring enzyme was bound to any of the alpha-2 macroglobulins. A naturally occurring enzyme bound to alpha-2 macroglobulin was found which had esterase activity (hydrolysis of tosylarginine-methyl ester), amidase activity (hydrolysis of BAPNA), and kallekrein activity (4) .
The addition of trypsin to serum was noted to cause a change in the mobility of proteins in the alpha-2 macroglobulin region. Plasmin and methylamine also have been reported to alter the electrophoretic properties of alpha-2 macroglobulin preparations (5, 6) , yielding more of the components with faster mobility. Interestingly, methylamine is known to destroy trypsin-binding activity of alpha-2 macroglobulin (6). The purposes of these studies were to (a) isolate the alpha-2 macroglobulin using procedures least likely to cause denaturation of the protein or change its trypsin-binding activity, (b) determine whether alpha-2 macroglobulin was a simple protein or consisted of a family of similar proteins, (c) separate and isolate the components of the alpha-2 macroglobulin using acrylamide gel electrophoresis and determine naturally occurring amidase activity of each component, (d) investigate the nature of the sites which bind trypsin or chymotrypsin by the use of simultaneous addition of labeled enzymes, and (e) determine which components bind trypsin and study the relationship of electrophoretic mobility, enzyme-binding properties, and naturally occurring amidase activity, and (f) determine the maximal molar-binding ratio for trypsin and chymotrypsin.
METHODS

Isolation and characterization of alpha-2 macroglobulins
Isolation of alpha-2 macroglobulin. 15 ml of whole serum was applied to a Bio-Gel P-300 column (Bio-Rad Laboratories). The macroglobulin fractions (the first peak) were concentrated and reapplied to a column of Bio-Gel A5m. The second of three peaks was found to contain alpha-2 macroglobulin by immunoassay and trypsin-binding activity. This material was concentrated, reapplied, and only the fractions with the highest trypsin-binding activity pooled for further study. In all steps, 0.1M tris-HCl buffer at pH 7.65 was the eluant and column dimensions were 120 cm in length and 2.5 cm in diameter.
The concentration of alpha-2 macroglobulin was determined by absorbency measurements at 280 mAu using an E'1%80 value of 8.1 (7) . Trypsin-binding activity. To measure trypsin-binding activity of fractions of column eluants and those from preparative acrylamide gel electrophoresis, excess trypsin was added to a fraction followed by an incubation period of 15 min. Soybean trypsin inhibitor was then added to inactivate the unbound trypsin. Only the trypsin bound to the alpha-2 macroglobulin was protected from soybean trypsin inhibitor (1, 8 Analytical and preparative acrylamide gel electrophoresis of alpha-2 macroglobulins. The pH 8.9 analytical gels were prepared by the Davis method (11) but with modification of the gel composition to give 5% acrylamide. The buffer solution for the pH 7.8 gels was a solution of 0.48M HCl and 0.30M Tris containing 2.3 ml/liter of N,N,N',N'-tetramethylethylenediamine. All other reagents to make the gels were the same as those used in the Davis method and the electrode solutions were identical.
The gel reagents and electrode solutions used in the preparative electrophoresis experiments were the same as those used for the analytical gels at pH 7.8. The internal diameter of the gel tube was 4.5 cm and the gel length was 5.3 cm. 2-10 mg of the protein in 2 ml of 15%o sucrose was layered over the gel and electrophoresis performed at 340C for 6 hr at 80-90 ma. After electrophoresis, the gel was sliced in 0.4-cm sections and eluted with 0.1 M trisHCl buffer at pH 7.65.
Each of the alpha-2 macroglobulin fractions obtained from preparative gel electrophoresis was further purified by repeated preparative gel electrophoresis. For these experiments, the gel length was 9 cm and the diameter 1.8 cm and electrophoresis was performed for 4 hr at 50 ma. TrypThe Separation of Alpha-2 Macroglobulin into Five Components 2377 sin binding and amidase activity of these fractions was determined as previously described for gel filtration eluant fractions.
Electrophoretic mobility of isolated components of alpha-2 macroglobulin. Mobility values of the different alpha-2 macroglobulins were calculated using as a reference the slowest moving component of purified alpha-2 macroglobulins. Relative electrophoretic mobility of each species was assigned as the ratio of the distance of the individual components to the distance of the slowest band. Each of the separately isolated five species of alpha-2 macroglobulins were electrophorsed in analytical acrylamide gels in duplicate, simultaneously with duplicates of whole alpha-2 macroglobulin purified by gel filtration. The electrophoresis was performed for 12 hr at 2.5 ma per tube.
Enzyme-binding studies of alpha-2 macroglobulins
Reversibility of alpha-2 macroglobulin-trypsin complex.
To determine the reversibility of the alpha-2 macroglobulintrypsin complex, Worthington 3x crystallized bovine trypsin was labeled with 'Iodine ('31I) by the method of Hunter and Greenwood (12) . The 'l'I activity was 2ACi per mg of trypsin. Unlabeled and labeled trypsin were mixed to give an activity of 100,000 cpm for 300 ,g of trypsin. The labeled and unlabeled trypsin (300 zg) was incubated with 3 mg of alpha-2 macroglobulin for 15 min and the excess enzyme separated by gel filtration on Sephadex G-100. Two peaks of 'I activity were found: one in the alpha-2 macroglobulin and the other in the trypsin fractions. The alpha-2 macroglobulin-trypsin-'I complex was incubated with 300 ,gg of unlabeled trypsin for 48 hr and gel filtration performed. The amount of bound and free trypsin-'I was determined. A corallary experiment to determine the displacement of cold trypsin by trypsin-'I also was performed. The concentration of alpha-2 macroglobulin was determined by absorbency at 280 mit. As alpha-2 macroglobulin appears to bind no more than 2 moles of enzyme per mole of alpha-2 macroglobulin, the contribution to absorbency by trypsin or chymotrypsin (mol wt 24,000) was negligible compared to absorbency due to alpha-2 macroglobulin (mol wt 650,000).
Trypsin-binding activity using gel filtration. Experiments to accurately determine the amount of trypsin that could be bound to alpha-2 macroglobulin were performed by incubating excess trypsin (300 ttg) with 3 mg of alpha-2 macroglobulin. Separation of the complex from free trypsin was accomplished by gel filtration on a column of Sephadex G-100. The amount of trypsin bound was determined by measuring the catalysis of BAPNA hydrolysis by the material in the fractions (corrected for 35%o inhibition).
Bound trypsin was also measured by labeling the trypsin with 'I as described above before proceeding with the incubation with alpha-2 macroglobulin. To determine the value of micrograms of enzyme bound per millgrams of alpha-2 macroglobulin, three gel filtration experiments were performed. Two alpha-2 macroglobulin fractions were selected from each gel filtration experiment for measurement of bound enzyme. The data was recorded as the mean of these six values.
Chymotrypsin-binding activity. 300 Aug of Worthington 3x crystallized chymotrypsin was incubated for 15 min with 3 mg of alpha-2 macroglobulin, free chymotrypsin was separated from the alpha-2 macroglobulin-chymotrypsin complex ly gel filtration on Sephadex G-100 as described above. The amount of bound chymotrypsin was measured by the ability of the fractions in the first peak to catalyze the hydrolysis of the chymotrypsin substrate glutaryl-1-phenylalanine p-nitroanilide as described by Ehrlanger (13 Competition between trypsin and chymotrypsin for alpha-2 macroglobulin-binding sites. Competition between exogenously-added trypsin and chymotrypsin for sites on the alpha-2 macroglobulin were performed in the following ways: (a) 300 Ag of both enzymes were added simultaneously to 3 mg of alpha-2 macroglobulin and incubated for 15 minm (b) 300 /tg of one enzyme was incubated with alpha-2 macroglobulin for 15 min before incubation with 300 ltg of the other enzyme, and (c) 90 ,tg of trypsin was incubated with 3 mg of alpha-2 macroglobulin for 15 min before incubation with 300 Itg of additional trypsin. All complexes were separated from free enzymes by gel filtration on Sephadex G-100. The amount of bound trypsin was determined by .3.I activity or enzymatic activity corrected for the effect of alpha-2 macroglobulin on catalytic activity.
RESULTS
Isolation and characterization of alpha-2 macroglobulin
Properties of alpha-2 macroglobulin purified by gel filtration. The alpha-2 macroglobulin pool obtained from the second Bio-Gel A5m fractionation of serum showed a single Schlieren peak at a protein concentration of 4 mg/ml. Immunoelectrophoresis against goat antihuman serum showed a single arc with slight contamination by IgM. The concentrations of IgM varied depending upon the alpha-2 macroglobulin preparation from 2 to 10%. The trypsin-binding activity of the preparations averaged 55 izg of trypsin per mg of alpha-2 macroglobulin. The naturally occurring enzyme associated with the alpha-2 macroglobulin was able to catalyze the hydrolysis of BAPNA (0.33 mg/ml) at a rate which gave an absorbency change at 410 mA of 0.075/hr per mg of alpha-2 macroglobulin. This rate is low compared with the rate when a similar amount of alpha-2 macroglobulin is saturated with trypsin.
Electrophoretic separation of alpha-2 macroglobulins. The alpha-2 macroglobulins prepared by gel filtration displayed two major bands when the Davis method was employed using a running gel of 5% acrylamide at pH 8.9. When a running gel of 5% acrylamide at pH 7.8 gel was used, five major electrophoretic species were observed ( Fig. 1-1 and 2-1) . Electrophoresis in 4% gel with 10% sucrose showed a similar pattern with greater separation of the bands (Fig. 2-2) ; however, at times, diffusion prevented sharp resolution of the five bands. The mobility of IgM was found to be considerably less A nlw}i FIGURE 1 Analytical acrylamide gel electrophoresis at pH 7.8 of 1, whole alpha-2 macroglobulin and 2-6 isolated species of alpha-2 macroglobulin having different mobilities and described in Table I as gel numbers 2-6. than that of alpha-2 macroglobulin and the IgM band can be observed at the top of the gels in Fig. 1-1 and Fig. 2 .
Preparative acrylamide gel electrophoresis of the alpha-2 macroglobulin gave partial separation of the five species. The major components in fractions from several preparative electrophoresis experiments were purified further using a semipreparative gel, and the analytical acrylamide gel electrophoresis patterns of the purest of the isolated species are shown in Fig. 1 . Table I describes the characteristics of the isolated species (gels 2 through 6) as compared with the alpha-2 macroglobulin preparation which had not been separated into compo-FIGURE 2 Analytical acrylamide gel electrophoresis of alpha-2 macroglobulin at pH 7 Enzyme-binding studies of alpha-2 macroglobulin
Reversibility of the complex. The high irreversibility of the alpha-2 macroglobulin-trypsin complex was shown in experiments in which the unlabeled trypsin-alpha-2 macroglobulin complex was incubated with trypsin-lJI for 48 hr. After fractionation by gel filtration, it was found that there was no significant exchange of labeled trypsin (0.006 ±0.001 /g/mg of alpha-2 macroglobulin). This indicated that the dissociation constant or rate of dissociation of the enzyme from alpha-2 macroglobulinenzyme complex was minimal and the small amount of macroglobulin purified by gel filtration was used in these experiments. As this preparation contains species of alpha-2 macroglobulin which bind and which also do not bind trypsin or chymotrypsin, it is clear that the amount of enzyme bound would be higher if only the former species were used (see Table I ). Considering the mol wt of the slowest moving species of alpha-2 macroglobulin to be 650,000, it is clear that 2 moles of trypsin or 1 mole of chymotrypsin can be bound to a mole of the slowest species of alpha-2 macroglobulin. (Table II) . However, when the enzymes were added simultaneously, each in threefold molar excess, 41 lsg of trypsin and 12 Ag of chymotrypsin were bound (Table III) . The simultaneous addition of a 10-fold molar excess of chymotrypsin over trypsin to the alpha-2 macroglobulin gave equal binding of the two enzymes (25 Ag of each enzyme per mg of alpha-2 macroglobulin) as shown in Table III . When a threefold molar excess of chymotrypsin was added first to alpha-2 macroglobulin followed in 15 min by trypsin, chymotrypsin was able to fill one site (25 ig/mg alpha-2 macroglobulin) on the alpha-2 macroglobulin (Table  IV) . The trypsin binding was much lower than expected as only 2-4 ug of trypsin was bound per mg of alpha-2 macroglobulin (Table IV) . The binding of chymotrypsin appeared to destroy the additional trypsin-binding sites.
To determine if trypsin in half saturation amounts added to alpha-2 macroglobulin could prevent further trypsin binding, alpha-2 macroglobulin was incubated with unlabeled trypsin in amounts approximated to be equimolar to the amount of alpha-2 macroglobulin. This was followed by an excess of "~'I-labeled trypsin. The results shown in Table V indicate that although the unlabeled trypsin binding was not sufficient to fill half the available sites, further trypsin-binding activity was greatly reduced and apparently the second-trypsin-binding site was destroyed or inhibited. Enzyme-binding effect on electrophoretic mobility.
When increasing amounts of trypsin were added, the four slower bands gradually disappear and assume the mobility of the fastest band. As the trypsin concentration approached 30 Ag of trypsin per mg of alpha-2 macroglobulin, only the fastest species was observed indicating conversion of all bands to this species (Fig. 2-4 ). This also was true for chymotrypsin ( Fig. 2-5 ). The alpha-2 macroglobulin in 0.2M methylamine also appeared as a single fast band (Fig. 2-6 ). DISCUSSION Previous studies have shown that alpha-2 macroglobulin binds enzymes such as trypsin, chymotrypsin, thrombin, and plasmin, all of which are similar in molecular weight, structure, and active centers (1) . Methods previously used to isolate alpha-2 macroglobulin involve the use of ammonium sulfate which decreases the trypsinbinding activity of alpha-2 macroglobulin (14) . It was for this reason that ammonium sulfate fractionation was avoided in this study and also ion exchange methods were found to be unnecessary as the preparations after gel filtration were sufficiently pure for direct acrylamide gel electrophoresis. By using small volumes of serum relative to the size of the columns, relatively pure preparations of alpha-2 macroglobulin were obtained by gel filtration.
A pool of alpha-2 macroglobulin from several preparations had the ability to bind 53 ug of exogenous trypsin per mg of alpha-2 macroglobulin. This preparation of alpha-2 macroglobulin had naturally occurring enzyme activity which is referred to as amidase activity because of its ability to catalyze the hydrolysis of BAPNA. The first complex was formed by incubation of alpha-2 macroglobulin with slightly less than equimilar amounts of unlabeled trypsin. This was followed by addition of excesslabeled trypsin and separation of the free enzyme from the complex by gel filtration. It is clear that the binding of one molecule of trypsin prevented the binding of a second molecule when added subsequently even though both molecules of trypsin will bind when added simultaneously. The high purity of the preparative acrylamide gel fractions allowed a direct molecular weight determination by a sedimentation equilibrium method, the value being between 620,000 and 680,000. This value is more acceptable than the previously published value of 820,000 in which sedimentation velocity (15) (Table IV) . Even more striking is the nearly complete inhibition of trypsin binding by chymotrypsin although one-half the available sites should be free. A similar phenomenon occurs when half saturation amounts of trypsin are added to alpha-2 macroglobulin (Table V) . It would appear, therefore, that preincubation with chymotrypsin or equimolar amounts of trypsin causes a blocking of the trypsin site on alpha-2 macroglobulin that is time dependent. Although steric hindrance and a low dissociation rate may be suitable explanations for these results, the binding of trypsin and chymotrypsin to alpha-2 macroglobulin is likely to be more complex. A change in chemical or physical structure of alpha-2 macroglobulin probably occurs when bound to an enzyme, as the complex becomes more electronegative when bound to trypsin despite the fact that the latter substance is an electropositive molecule. We could postulate that highly electropositive portions of the alpha-2 macroglobulin could be removed or displaced by trypsin and cause a change in the mobility of the alpha-2 macroglobulin. The liberated portion would likely have a low molecular weight in relation to alpha-2 macroglobulin, as the weight of alpha-2 macroglobulin appears to be relatively unaltered when trypsin is added. A more likely explanation is that the alpha-2 macroglobulin has undergone a conformational change with enzyme binding which results in a change of charge, or shape, or both as reflected by a change in electrophoretic mobility. The change in alpha-2 macroglobulin structure, in fact, may be responsible for the high degree of irreversibility shown by the alpha-2 macroglobulin-enzyme complex.
With the binding of trypsin, the five species of alpha-2 macroglobulin were converted to a single form with a mobility similar to the fastest moving alpha-2 macroglobulin. Interestingly, complete conversion of the five bands to one occurred when the amount of trypsin was sufficient to fill only half the trypsin-binding sites on alpha-2 macroglobulin. Furthermore, alpha-2 macroglobulin which was found to bind only half as much chymotrypsin was converted to a single fast species by this enzyme. The fact that addition of equimolar amounts of trypsin or chymotrypsin converted all of the slower moving species to the fast moving speices (which do not bind trypsin) explains why this preincubation for a given period of time prevented further binding of trypsin although its maximal molar-binding ratio is 2: 1 (Tables  IV and V) .
It was also observed that the naturally occurring amidase activity in all the five species of alpha-2 macroglobulin of varying mobility was constant. The trypsinbinding activity of a species appeared to be unrelated to the activity of the naturally bound enzyme. The type of association of the naturally occurring amidase and alpha-2 macroglobulin can be speculated upon as follows: (a) the enzyme is present in small amounts and is bound to only some of the alpha-2 macroglobulin molecules. It was found that all five species contained similar amidase activity, regardless of mobility. As the addition of trypsin to an alpha-2 macroglobulin molecule converts it to the fast moving species, it would appear that the amidase is bound by a different mechanism and possibly at a different site from trypsin. (b) The amidase is present in greater amounts on each of the five species of alpha-2 macroglobulin than that indicated by hydrolysis of BAPNA. Were this the case, and if the binding site were similar to that for trypsin, it would be likely that a relationship between amidase activity and trypsin binding would exist. This was not the case. (c) The amidase enzyme is bound to or is a part of the alpha-2 macroglobulin in such a manner which does not interfere with trypsin binding.
